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ABSTRACT
ESA’s Flyeye telescope is designed with a very large field
of view (FoV) in order to scan the sky for unknown near-
Earth Objects (NEOs). For typical exposure times of
40 s, the telescope is able to detect objects with a lim-
iting magnitude up to 21.5. The aim is to observe those
NEOs that are going to hit the Earth within a few weeks
or days, in advance of impact.
In order to estimate the detection rate of NEOs with
the Flyeye telescope, a synthetic population of Earth-
threatening asteroids is created by means of the software
NEOPOP. Then, the true anomalies and longitudes of the
ascending node of these objects are modified in order to
generate about 2 500 impactors.
In the simulations almost three impacts can be detected
per year from NEOs down to 1 m using only one Fly-
eye telescope. When operating two telescopes simulta-
neously, one at Monte Mufara and one at La Silla, four
detected impacts per year are expected. Nonetheless, it
is estimated that about 15.6% of the Earth impactors will
be very difficult to be detected using ground-based tele-
scopes due to the fact that they are approaching us from
the Sun.
Keywords: Asteroids; Near-Earth objects; Flyeye tele-
scope.
1. INTRODUCTION
On 15 February 2013, a small asteroid of about 20 m
entered the atmosphere over Chelyabinsk and exploded
about 30 km above the city. The explosion unleashed
an energy equal to 20 or 30 times the energy released in
the Hiroshima atomic explosion and the resulting shock
wave shattered many windows, injuring nearly 1 500 peo-
ple [1]. Only a very small fraction of the asteroid popu-
lation, in the diameter range comparable to this asteroid,
has been discovered to date.
Recognising the threat of smaller near-Earth objects
(NEOs), ESA’s first NEO Survey Telescope, the Flyeye
telescope, is aimed at detecting NEOs with apparent mag-
nitudes up to 21.5. While American surveys, such as the
Catalina Sky Survey (CSS) and the Panoramic Survey
Telescope & Rapid Response System (Pan-STARRS), are
focused on finding the NEO population larger than 140
meters1, the Flyeye telescope is mainly built to search for
the smaller asteroids, i.e., those with less than 500 m in
diameter, which are expected to collide with Earth reg-
ularly in the next decades. Under favourable conditions,
the Flyeye telescope is expected to be able to detect NEOs
down to 40 m in diameter, at least three weeks before im-
pact. In this work, we estimate the performance of the
Flyeye telescope in the future detection rate of the small-
est NEOs in the population, with diameters down to 1 m.
To this aim, a population of synthetic Earth impactors
is created based on the validated population model by
Granvik et al. (2018) [2]. Since this population model
is calibrated in the absolute magnitude range between
H = 15 and H = 25, an extrapolation method is ap-
plied in order to extend the absolute magnitude range up
to H = 32, and thus include the small asteroids in the
1–3 m diameter range. Then, an asteroid detection soft-
ware focused on the Flyeye telescope characteristics is
developed, in order to check whether an asteroid can be
observed before impact.
Section 2 presents the population model for the genera-
tion of synthetic NEOs and compares the population es-
timates to others found in literature. The extrapolation
method applied to generate fainter NEOs outside the cal-
ibrated range of the model is also presented. Then, Sec-
tion 3 explains how the population of Earth impactors is
derived and validated using theoretical models based on
observation data. Section 4 describes the detection con-
1https://cneos.jpl.nasa.gov/stats/
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ditions for NEOs and the most relevant parameters of the
Flyeye telescope. Finally, Section 5 presents the simula-
tion results of the sky surveys and estimates the detection
rate of Earth impactors using the Flyeye telescope.
2. GENERATION OF A SYNTHETIC NEAR-
EARTH OBJECTS POPULATION
A population of synthetic near-Earth objects (NEOs) is
generated using ESA’s Near-Earth Object Population Ob-
servation Program (NEOPOP), which provides the orbits
and size distributions for NEOs in the absolute magnitude
range between H = 15 and H = 25.
Since the Flyeye telescope has been designed in order to
search for the small asteroids, the generated NEO pop-
ulation shall include those objects that are fainter than
H = 25. To this aim, an extrapolation in absolute magni-
tude is done in order to obtain those NEOs with H > 25.
2.1. The near-Earth object orbit and size population
model
The orbital and size distribution of our synthetic NEO
population is derived from the validated model devel-
oped by Granvik et al. (2018) [2]. This population model
is based on a dynamical source model, which was cal-
ibrated using Catalina Sky Survey observations in the
years 2006–2011. It provides debiased NEO orbit dis-
tributions of semimajor axis a, eccentricity e, inclination
i and absolute magnitude H in the range 17 < H < 25.
The synthetic population of NEOs based on this model
has been generated using the tool NEOPOP, which was
developed in 2015 within the framework of activities re-
lated to ESA’s Space Situational Awareness (SSA) pro-
gramme2. Although the population model is calibrated in
the interval 17 < H < 25, the software has implemented
an extrapolation method in order to extend it to H = 15,
and a database of known NEOs is used at the bright end
H < 15 since the NEO population in that range is as-
sumed to be completely known.
2.2. Extrapolation to smaller or fainter near-Earth
objects
As pointed out by Granvik et al. (2018) [2], the limitation
of extrapolating the population model to smaller (and/or
larger) objects is that the orbit distributions are fixed to
either H = 25 or H = 17, respectively. In order to ob-
tain orbit distributions for the smallest NEOs with abso-
lute magnitudes aboveH = 25, the extrapolation method
used by the Population Generation tool of NEOPOP is as
follows.
2More information can be found in: http://neo.ssa.esa.
int/neo-population
H Total number of NEOs
Granvik [2] [17.00, 25.00] 800 000 ± 100 000
Extrapolated [17.00, 30.00] 1.3·109 ± 1.74·108
Table 1. Predicted number of NEOs between H = 17
and H = 30.
When extrapolating to smaller NEOs, NEOPOP uses the
following power-law function to evaluate the total num-
ber of objects when the required absolute magnitude H
exceeds the calibrated range of the model (H > 25):
pobj = totp
(
10(αextr(H−25)) − 1
)
(1)
where pobj is the predicted number of objects from H =
25 to the required H , totp = 802404 is the cumulative
number of objects for the full model (15 < H < 25) and
αextr is the slope of the power law. This parameter is set
to a fixed value of 0.6434, which was estimated by Brown
et al. (2002) [3] from satellite observations of bolides and
resulted in an extrapolation that is in good agreement with
the literature.
Unfortunately, the Population Generation tool of
NEOPOP does not allow the creation of NEOs with H >
30 due to the fact that the extrapolation method used is
very imprecise for such small objects. It is not possi-
ble to find NEO orbit models in literature for NEOs with
H > 30.
The main reason is that population and distribution mod-
els of the absolute magnitudes for near-Earth objects are
derived from the set of all currently known NEOs. How-
ever, the large fraction of the NEO population and espe-
cially those with H > 29 (. 5 m in diameter) remain
undetected.
Therefore, if we are interested in those NEOs in the 1 −
−3 m diameter range, another extrapolation approach is
needed. This is discussed in Section 3.2.
2.3. Comparison with other population estimates
For a population of NEOs with absolute magnitudes be-
tween H = 17 and H = 30, the number of objects pre-
dicted by both the model from Granvik et al. (2018) [2]
and the extrapolated model described in Section 2.2 are
presented in Table 1.
The total number of NEOs in the desired H range is esti-
mated to be roughly 1.32 · 109. However, since the Popu-
lation Generation tool has an upper limit of 107 orbits, a
sampling factor of 1 000 is applied. Therefore, the sample
population of synthetic NEOs that is used in this work has
a total of 1.32 · 106 objects. Due to this sampling factor
that must be applied, each one of the NEOs in the sam-
ple population is assumed to be representative of 1 000
similar NEOs.
Figure 1. Comparison of cumulative NEOs distribution
between the extrapolated model in NEOPOP based on
[5] (•) and the population estimates extracted from [4]
(×).
The resulting NEO population is compared to the popu-
lation estimates obtained by Stokes et al. (2017) [4], who
uses an orbital distribution derived from the same model
by Granvik et al. (2018) [2] but the absolute magnitude
and size distributions adopted are different.
Figure 1 compares the cumulative NEO distribution ob-
tained using the Population Generation tool of NEOPOP
and the results derived in [4]. Although there is a rel-
atively good agreement between both population esti-
mates, it is possible to see that, in general, the extrapo-
lated model in NEOPOP that is used in this work predicts
a lower number of NEOs, except in the rangeH > 29 for
which the number of smaller NEOs is overestimated.
3. DERIVATION OF A POPULATION OF SYN-
THETIC EARTH IMPACTORS
Once the sample population of NEOs is generated, a pop-
ulation of Earth impactors can be derived. The mean
anomaly and longitude of the ascending node of appro-
priate objects are modified to obtain as many colliding
objects as possible in order to analyse the performance of
the Flyeye telescope in a statistically meaningful manner.
3.1. Close approach analysis and impact detection
The population of synthetic Earth impactors is derived by
finding those NEOs whose distance of closest approach
(DCA) to Earth is lower than the Earth’s radius. To this
aim, each object of the population is propagated for one
year and a close approach analysis is performed in order
to determine the minimum distance to Earth.
Due to the high computational effort required, a simple
Kepler propagation of the heliocentric orbit of each NEO
is used. In order to consider the influence of the gravi-
tational attraction of Earth, it is assumed that an impact
happens when the DCA is lower than the effective radius
of the Earth b⊕, which includes the gravitational focusing
as described by [6], and is estimated with:
b⊕ = R⊕
√
1 +
2µ⊕
R⊕v2∞
(2)
where R⊕ is the radius of Earth, µ⊕ is the gravitational
parameter of Earth and v∞ is the unperturbed encounter
velocity of the NEO with respect to the Earth.
A typical value for v∞ for impacting NEOs can be taken
from the work by [6]. Assuming a mean value of roughly
v∞ ≈ 12 km/s leads to an effective radius of 1.37 times
the Earth’s radius.
For the close approach analysis, the DCA is determined
by using the Differential Evolution optimisation algo-
rithm [7]. This optimisation method is a stochastic
population-based method that is useful for global opti-
misation problems when the search space is very large.
Out of all the different optimisation algorithms that are
provided in the Python library SciPy, this proved to be
the most efficient.
3.2. Generation of Earth impactors
The NEOs are assumed to be on unperturbed Keple-
rian orbits, which are described by the orbital elements
(a, e, i,Ω0, ω,M0), where Ω0 is the longitude of the as-
cending node, ω is the argument of periapsis and M0 is
the mean anomaly at the reference epoch t0.
Although our synthetic population consists of 1.3 million
objects, the probability that any of them hits the Earth
during a simulation period of one year is low and in any
case not sufficient for any statistical analysis. However,
since the longitude of the ascending node and the mean
anomaly were randomly selected, we can modify them in
order to get a sufficiently large number of impactors.
We apply the Differential Evolution algorithm to find the
minimum distance of closest approach with three inde-
pendent variables: the time, the mean anomaly at the ref-
erence epoch and the longitude of the ascending node of
the orbit. The upper and lower bounds of these variables
are set to:
t ∈ [t0, t0 + 1yr]
M ∈ [0, 2pi]
Ω ∈ [Ω0 − 5◦,Ω0 + 5◦]
Within these intervals a total of 2 451 objects are found
to have a DCA lower than the effective radius of Earth.
H Sampling factor ksamp
(25.0, 30.0] 24 000
(30.0, 32.0] 12 000
Table 2. Sampling factors for different H ranges.
For our simulated population, they are all in an interval
of absolute magnitudes between H = 23 and H = 30.
Still, we are interested in simulating even smaller objects,
in order to better estimate the Flyeye telescope’s detec-
tion rate of the smallest NEOs. To achieve this we apply
a little trick: the absolute magnitude of each object is in-
creased by two units, i.e., objects that were created with
an absolute magnitude of 29 are now assigned a magni-
tude of 31. We are assuming that the orbital distribution
of the objects hardly changes for such a small change in
magnitude.
This means that the impactor population is now defined
in the interval 25 < H < 32, which corresponds to a
diameter range of 1–34 m. Moreover, due to this shift in
H , the sampling factors of the Earth impactors must be
adapted since more objects are expected.
3.3. Adaptation of the sampling factor
In order to determine the slope of increase in impacting
NEOs as function of size or absolute magnitude, use is
made of the power-law fit to observation data derived by
Brown et al. (2002) [3]. The cumulative number of ob-
jects colliding with the Earth each year N with diameters
of D (in meters) or greater is described by:
log10N = c0 − d0 log10D (3)
where c0 = 1.568± 0.03 and d0 = 2.70± 0.08.
Since the NEO population is described in terms of abso-
lute magnitude H and not size, the approximate size of
an object is derived from H and the albedo (assumed to
be p = 0.15) using the following equation:
D = 1.329 · 106p−0.510−0.2H (4)
The required scaling factor due to the shift in magnitude
can be easily computed by means of Eqs. 3 and 4. When
increasingH by two, the cumulative number of Earth im-
pactors per year is increased by a factor of approximately
12.
Moreover, in Figure 1 it was observed that our popula-
tion is by a factor of about 2 too small for H < 28.
Therefore, the sampling factor is doubled in this region.
Together with the sampling factor of 1 000 introduced in
Section 2.3, the overall sampling factor is now 12 000 and
24 000, respectively. Table 2 summarises the sampling
factors that are applied to our impactor population for the
subsequent simulations.
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Figure 2. Impact area in the mean anomaly M – longi-
tude of ascending node Ω space. The impact probabil-
ity is proportional to the size of the area. A bin size of
N = 10 in Ω is sufficient to estimate the size of the area.
3.4. Cumulative number of Earth impactors per
year
Since our 2 451 Earth impactors have been generated by
modifying their mean anomaliesM and longitudes of the
ascending node Ω, we need to calculate the probability of
the possible M and Ω combinations for which the NEO
is impacting the Earth, assuming that the mean anomaly
is uniformly distributed between 0 and 2pi and Ω is uni-
formly distributed between Ω0 − 5◦ and Ω0 + 5◦.
The approach to estimate this probability is as follows.
First, we compute the interval of longitude of the ascend-
ing node [Ω0,Ωf ], where we have an impact. Then, we
divide this interval in N bins (we chose N = 10) with
widths ∆Ω and, for each value Ωi in the interval, we esti-
mate the probability of the object to have the ‘right’ mean
anomaly in order to impact the Earth:
PM (Ωi) =
Mf (Ωi)−Mi(Ωi)
2pi
(5)
where [M0(Ωi),Mf (Ωi)] is the interval of mean
anomaly, for a fixed Ωi, such that we have an impact.
Finally, the probability of each impactor to impact the
Earth in one year is computed with:
Pimp =
N∑
i
PM (Ωi)
∆Ω
10◦
ksamp (6)
Figure 2 shows the impact area in M and Ω for a ran-
dom impactor in the population, obtained using different
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Figure 3. Comparison in the estimated cumulative num-
ber of objects colliding with the Earth between our im-
pactor population model (◦) and the theoretical model by
Brown et al. (2002) [3] (—). The dashed lines represent
the uncertainties in the theoretical model.
number of bins N. First, it is possible to observe that the
intervals of both M and Ω, where we have an impact, are
extremely narrow. Second, although using N = 10 seems
to result in a very crude approximation when compared
to N = 100, the obtained probabilities of impact Pimp
are very similar. Therefore, since it was very computa-
tionally consuming to do the computations with a lower
resolution, N = 10 was selected.
When adding up the probabilities of all impactors, 17.4
objects with absolute magnitudes lower than H = 32,
i.e., with diameters larger than about 1 m (assuming an
albedo of 0.15), are predicted to collide with Earth in one
year.
Figure 3 shows the cumulative number of Earth impactors
derived by summing up the Pimp of all 2 451 impactors,
and compares it to the theoretical model by Brown et
al. (2002) [3]. Our estimates are in very good agreement
with the model, which indicates that the probability of
impact for each NEO was correctly computed.
4. OBSERVATION OF NEAR-EARTH OBJECTS
USING THE FLYEYE TELESCOPE
This section describes how the detectability of NEOs is
determined. The most relevant parameters of the Flyeye
telescope are also introduced.
4.1. Required detection conditions for near-Earth
objects
The first requirement to be able to detect an object is that
the Sun’s elevation is below the horizon, although detec-
tions are unlikely for an elevation above -14◦. For those
objects arriving during twilight, the last condition regard-
ing the Signal-to-Noise Ratio (SNR) will filter out those
that are too faint.
Second, due to the mechanical structure of the telescope,
the asteroid’s elevation must be above 15◦.
Then, for a nominal exposure time of 40 s, the Flyeye
telescope is able to observe objects up to a magnitude
of 21.5. Thus, the apparent magnitude of the asteroid
must be below this limiting magnitude in order to be able
to be detected by the telescope. The computation of the
apparent magnitude of the NEO is discussed in Section
4.2.
The last condition is regarding the SNR of the object,
which compares the level of a desired signal to the level
of the noise, and determines whether an object is de-
tectable in an image. Based on experience, an SNR> 5 is
considered a robust criterion for a reliable detection. The
method implemented for the computation of the SNR is
explained in Section 4.3.
To sum up, an asteroid can be detected if:
• The apparent magnitude of the object is below 21.5.
• The asteroid has an elevation above 15◦.
• The Sun’s elevation is below 0◦.
• The SNR is above 5.
4.2. Apparent magnitude of a near-Earth object
In the NEO field, the most widely used method to com-
pute the apparent magnitude of an object is the one
recommended by the International Astronomical Union
(IAU), as defined in [8]. However, this method is not
valid for phase angles greater than 120◦ and is best used
at much smaller values, 20◦ or less, i.e., for main-belt as-
teroids.
As Figure 4 shows, there are many objects in our popula-
tion that are approaching with a high phase angle, larger
than 120◦, and thus the IAU model cannot be used.
For this reason, the model defined in [5] is used, which
does not have any restriction on the phase angle. In this
model, the apparent magnitude of the NEO mast is com-
puted using an approach for solar system bodies:
mast = H (1, α) + 2.5 log10
(
r2∆2
φ(α)
)
(7)
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Figure 4. Histogram plot of the phase angles of all im-
pactors one day before impact.
where r is the distance of the NEO from the Sun (in au),
∆ is the distance of the NEO from the Earth (in au), α is
the phase angle, i.e., the angle Sun-object-observer, and
φ(α) is the phase function:
φ(α) =
2
3
((
1− α
pi
)
cosα+
1
pi
sinα
)
(8)
The opposition effect is described by computing the ab-
solute magnitude of the NEOH as a function of the phase
angle:
H (1, α) = H − a
1 + α
+ b · α (9)
where the values a and b depend on the albedo. For an as-
sumed albedo of p = 0.15, a = 0.340 and b is computed
according to the phase angle α:
b = 0.0125− 0.01045 · ln p for α < 5◦ (10)
b = 0.013− 0.024 · log10 p for α > 5◦ (11)
4.3. Signal-to-Noise Ratio
There are many different ways to calculate the SNR of
an object and there is still an open discussion regarding
which is the best method. In this work, the method de-
fined by [9] is implemented, which only looks at the SNR
in the centre pixel.
The most rigorous way, but also more complicated,
would be to consider the spread of the light source over
several pixels and integrate it to obtain the volume of the
light distribution. However, due to the Gaussian shape of
the light source, it can be assumed that most of the light is
collected in the centre pixel, and thus only the percentage
of light within this centre pixel is considered.
The SNR is computed with the following equation:
SNR = DNsignal
(DNsignal+DNbias+DNdark+DNreadout+DNsky)1/2
(12)
where DNsignal is the Digital Number (DN) of the arriv-
ing signal and the rest of the terms describe the different
sources of noise in the images.
The DN is a brightness value that relates to the number
of electrons stored in each pixel, which are generated by
the photons captured in the sensor of the CCD cameras.
The DN of the arriving signal of the object can be com-
puted by means of the input flux and the detector proper-
ties:
DNsignal ≈ texpppx 1
g
Fdetect
Ephot
QE (13)
where texp is the exposure time, ppx is the percentage of
light within the centre pixel, g is the gain (number of e-
per DN), Fdetect is the flux at the detector, Ephot is the
energy of one photon and QE is the quantum efficiency.
A value of ppx = 0.4 is considered as it proved to be in
good agreement with observations.
The flux at the detector can be easily computed if the op-
tical characteristics of the telescope are known:
Fdetect = Finpi
(
Daperture
2
)2
(1− obstr)τ (14)
where Fin is the incoming flux density from the object,
Daperture is the diameter of aperture, obstr is the obstruc-
tion and τ is the optical throughput.
The sources of noise in the images considered are the
readout noise DNreadout, the electronic or bias noise
DNbias, the dark current noise DNdark and the sky back-
ground DNsky. The DN of the sky brightness takes into
account the apparent size of a pixel of the telescope and
can be computed with:
DNsky ≈ texppixelscale2 1
g
Fdetect
Ephot
QE (15)
where the pixel scale is a measure of the image resolution
of the telescope.
The incoming flux at the detector Fin coming from either
the object or the sky brightness can be easily computed
using the following conversion from magnitudem to flux
F :
F = 100.4(m−m)F (16)
where m = −27.1 is the magnitude of the Sun in the
standard V-band filter and F = 1362 W/m2 is the solar
constant.
The background magnitude (or sky brightness) is com-
puted in terms of mag/arcsec2 as a sum of different light
contributions. The approach followed is not explained
in detail here since it is implemented in a similar way
than in NEOPOP [5]. The light sources considered are
Effective focal length 2000 mm
Aperture diameter 1180 mm
Obstruction 26%
Optical throughput 80%
Limiting magnitude at 40 s exposure time 21.5 Vmag
FoV 6.7◦× 6.7◦
Table 3. Flyeye telescope optical characteristics.
Source: [10]
Pixel size 15 µm × 15µm
Pixel scale 1.5′′
Exposure time 40 s
Readout noise 10 e-
Quantum Efficiency 75%
Gain 90%
Dark current 0
Bias 3000 DN
Table 4. Flyeye CCD camera characteristics.
Source: [10]
atmospherically scattered light, scattered sunlight, scat-
tered moonlight and zodiacal light. The contribution of
planets, stars, galaxies, airglow, interstellar medium and
light pollution is neglected.
4.4. Relevant parameters and sky survey strategy of
the Flyeye Telescope
Table 3 summarises the optical characteristics of the tele-
scope and Table 4 summarises the characteristics of the
CCD camera. More information regarding the architec-
ture of the telescope can be found in [10].
The Flyeye telescope will apply the ‘Wide Survey Strat-
egy’. This observation strategy allows to scan half of the
visible sky per night from one location, assuming that
each field in the sky shall be covered four times to allow
the asteroids to move at least a few pixels.
This sky survey strategy is not simulated in this work.
The focus is to determine whether the detection condi-
tions are satisfied for each impactor, and to obtain good
statistics regarding the number of observed and missed
impactors. Therefore, it is assumed that if an asteroid has
an SNR high enough to be detected and is located above
the horizon, the telescope will be able to observe it.
One of the key parameters that will be analysed is the
warning time for each impactor. For warning times
longer than two days, it is reasonable to assume that the
telescope will eventually point to the right direction, and
H Observable Average warning time
[25, 32] 47.0 % 0.67 days
[25, 30] 61.3 % 1.69 days
(30, 32] 45.7 % 0.55 days
Table 5. Relative number of observable impactors and
average warning time, for different ranges in absolute
magnitude H , using the Flyeye telescope at Monte Mu-
fara.
observe the asteroid before impact. However, for warning
times lower than one day, there is less than 50% chance
that the telescope is not pointing at the right field of sky,
and thus the asteroid is missed.
5. SIMULATION OF SKY SURVEYS
In this section we present the average warning times and
the number of impactors that will be detected at a given
telescope.
The benefit of adding a second telescope is also studied
by comparing the detection rates using two different lo-
cations in the two hemispheres: Monte Mufara (Sicily,
Italy) in the Northern hemisphere, and La Silla (Chile) in
the Southern hemisphere.
Then, for those missed impactors, we estimate how many
of them remain undetected because they are coming from
the dayside.
5.1. Observation of Earth impactor population as a
function of H
The first simulations are performed assuming the Flyeye
telescope located on Monte Mufara, which is where the
first one will be deployed.
Table 5 presents the relative number of observable im-
pactors, for different ranges in absolute magnitude. The
computation of the detection rates presented does not take
into account the probability of impact Pimp of each ob-
ject, because it was verified that the results changed only
slightly when weighting the detection rates with Pimp.
First, for the brightest range up to H = 30, about 61% of
the objects are observed. Then, as the objects get fainter,
the number of missed NEOs increases. For those objects
in the diameter range between 1 and 3 m, H > 30, about
54% are missed.
Table 5 also presents the average warning time, i.e., the
time between impact and observation. As expected the
average warning time is very short. Moreover, it is very
likely that NEOs are missed as their warning times are
less than two days; this means that the visible sky is not
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Figure 5. Cumulative number of observable impacting
NEOs as a function of the warning time.
scanned entirely and it might happen that the telescope is
not pointing at the right direction to observe the asteroid.
Therefore, the number of observable objects as reported
in Table 5 is too optimistic.
Figure 5 shows the normalised cumulative number of ob-
servable impacting NEOs as a function of their warning
times. It is estimated that only about 6.4% will have a
warning time of at least two days, and thus they are likely
to be detected.
The main reason for such short warning times is that we
consider objects down to 1 m in diameter. The time when
the apparent magnitude of the asteroid drops below the
limiting magnitude of 21.5 and at the same time meets the
requirement to be 15◦ above the horizon of the telescope,
is usually very close to the impact time. Therefore, the
observation window is reduced significantly for large H ,
resulting in very short warning times.
Second, it has been observed that the observation win-
dow, i.e., the time between when the apparent magnitude
crosses the 21.5 threshold and impact, for the brightest
object of the population (H = 25.14) is about 7.23 days,
while the longest observation window (about 8.59 days)
happens for an object withH = 27.41 because of a much
smaller phase angle.
Micheli et al. (2018) [11] studied the average angular ve-
locity of impactors before collision and noticed that the
objects are unusually slow up to about a day before im-
pact, with velocities below the detection limit. In reality
the software to detect moving objects might not flag them
because the apparent motion is below a given threshold.
This effect is not considered in our simulations; this could
be a new feature to be implemented in the software for fu-
ture work.
H Observable Average warning time
[25, 32] 73.5 % 0.64 days
[25, 30] 89.6 % 1.61 days
(30, 32] 72.1 % 0.54 days
Table 6. Relative number of observable impactors and
average warning time, for different ranges in absolute
magnitude, using two Flyeye telescopes: one at Monte
Mufara and one at La Silla.
5.2. Benefit of a second telescope in the Southern
hemisphere
Due to the very short warning times obtained, many im-
pactors will be missed by a single telescope just because
the impact takes places on the other side of the world.
Here we analyse whether a second telescope located on
the other hemisphere is able to observe these impactors.
To this aim, the simulations are repeated but considering
that a second Flyeye is located on La Silla, Chile.
Table 6 presents the relative number of observable im-
pactors when using simultaneously two Flyeye telescopes
at two different locations. As expected, the number of ob-
servable NEOs has increased significantly; with two tele-
scopes, we are able to observe 73.5% of the entire im-
pactor population instead of only 47%. Moreover, about
90% of the objects in the brightest range up to H = 30
can be observed, which is significantly higher than the
61% when using one telescope.
When operating two Flyeye telescopes, one at the North-
ern hemisphere on Monte Mufara and one at the South-
ern hemisphere in La Silla, it is found that all impacting
NEOs approach at least one of the two ground-stations
with an elevation above the 15◦ threshold at some point
in the trajectory. Approximately 25% of the impactors
exceed the required elevation only at Monte Mufara, and
about 23% have the correct elevation only at La Silla.
Then, the remaining 52% fulfil the elevation condition
at both locations at some point in time. This means that
without La Silla, 23% of the impactors will be missed
at Monte Mufara for purely geometrical reasons because
they approach with a too southern declination.
5.3. Estimation of Earth impactors approaching
from dayside
For those NEOs that will approach the Earth directly from
the Sun, ground-based surveys will not detect them.
We can estimate how many of the missed impactors we
are failing to observe, due to the fact that they are arriv-
ing from Sun direction, by computing the solar elonga-
tion of the object, i.e., the angle Sun-Earth-object. Figure
6 shows the solar elongation computed half day before
impact of our Earth impactors, which are predominant
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Figure 6. Histogram of the solar elongation computed
half day before impact, for the entire impacting NEO pop-
ulation (grey) and the missed impactors (dashed red).
at solar elongations of 90◦ and few are coming from the
Sun.
Figure 7 shows the solar elongation of all missed im-
pactors from both telescopes considered, computed at the
time when the apparent magnitude is below 21.5 as a
function of the number of days until impact. As expected,
most missed impacting NEOs arrive with low solar elon-
gations or have very short observation windows.
Farnocchia et al. (2012) [12] derived an analytical ex-
pression to determine the fraction of impacting NEOs
that should be discoverable by ground-based telescopes,
based on the angular distance of the impactor from the
Sun. Taking a minimum solar elongation of 40◦, as sug-
gested in [12], we obtained that about 15.6% of the Earth
impactors from our population would not be detectable
with ground-based surveys.
However, the approach by Farnocchia et al. (2012) [12]
is simply geometric; the real detection threshold is set by
the SNR of the object, i.e., an object with a solar elon-
gation below 40◦ could also be observed if its SNR is
high enough. In the simulations, about half of the Earth
impactors that always remained below the minimum so-
lar elongation of 40◦ until impact could still be detected
because their SNR exceeded the detection threshold and
they fulfilled the geometric observation conditions for at
least one of the two telescopes.
We would like to highlight the fact that these estimates
are based on our impactor population. When applying
the geometric approach by Farnocchia et al. (2012) [12]
to the population of 4 950 synthetic impactors derived by
Chesley et al. (2004) [13], it is estimated that 19.9% of
the impacting NEOs are approaching from dayside.
5.4. Estimation of number of impacts per year de-
tected by the Flyeye telescope
Although the simulations show that the Flyeye telescope
is able to observe about 47% of the entire impactor pop-
ulation, using only one telescope, the extremely short
warning times obtained indicate that a lot of these observ-
able NEOs are likely to be missed because the telescope
may not be pointing to the right field in the sky.
As estimated in Section 5.1, almost 94% of the observed
impacts have a warning time of less than two days. In
order to take into account the fact that for warning times
shorter than two days the impactor might be missed, a
weight is applied to each observable impactor such that
for a warning time of at least two days, the weight is one,
but for a shorter warning time, the weight is the warning
time divided by two days.
Figure 8 compares the cumulative number of impacts per
year that are expected to happen and the cumulative num-
ber of impacts per year that we expect to detect when us-
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Figure 8. Comparison between the cumulative number
of objects colliding with the Earth per year (), the cu-
mulative number of detected impacts per year using the
Flyeye telescope at Monte Mufara (×) and the cumulative
number of detected impacts per year using both Flyeye
telescopes at Monte Mufara and La Silla (◦).
ing only the Flyeye telescope at Monte Mufara and when
operating both telescopes at Monte Mufara and La Silla.
First, it is estimated that we will observe about 2.8 im-
pacts per year using the Flyeye telescope at Monte Mu-
fara and about 2.9 impacts using the one at La Silla. Con-
sidering that we can expect about 17.4 impacts per year
from objects down to 1 m, we can conclude that we will
only observe about 16–17% of all impacts with only one
telescope.
Second, when we operate both telescopes simultaneously,
the number of impacts per year that we can expect to de-
tect increases to 4.1 impacts.
Third, although it cannot yet be seen in Figure 8, the to-
tal number of detected impacts per year will approach a
limit because the Flyeye telescopes will not be able to
detect many more impacts even if the simulations are ex-
tended to objects fainter than absolute magnitudes of 32;
the warning times for such objects will be too short to
make a significant statistical contribution.
Nonetheless, it is important to mention that these esti-
mates are obtained assuming a 100% telescope availabil-
ity and 365 clear nights per year for both telescopes,
which leads to an overestimation of the detection rates.
6. CONCLUSIONS
A population of synthetic Earth impactors based on
the NEO population model developed by Granvik et
al. (2018) [2] was created and validated by comparing
the estimates of number of impacts per year to theoretical
models and observation data. This impactor population
consists of 2 451 NEOs in the diameter range 1–34 m.
The Flyeye telescope at Monte Mufara is estimated to be
able to observe about 61% of the impactors down to 8
m, about 1.7 days on average. However, for the smallest
NEOs in the impactor population in the diameter range
1–3 m, 46% are observable but with average warning
times of half a day, which means that they are likely to
be missed.
It is estimated that only 6.4% of the observed impacting
NEOs will have a warning time of two days or more. The
main reason for such short warning times is that the ob-
jects can only be ‘seen’ when they are very close to the
observer, right before impact. This is mainly due to the
high absolute magnitudes of the population considered,
which result in very faint and small NEOs.
Due to the very short warning times, most of the observ-
able impactors will go undiscovered. When we take into
account the warning time of each observed impactor, the
estimates show that we can expect to detect almost three
impacts per year using one Flyeye telescope. When oper-
ating two telescopes simultaneously, one at the Northern
hemisphere on Monte Mufara and one at the Southern
hemisphere in La Silla, the number of observed impacts
per year predicted increases to four.
When simulating two telescopes, the relative number of
observable NEOs increases from 47% to almost 74%.
In addition, our simulations also show that only 52% of
the impactors fulfil the 15◦ elevation condition to be ob-
served at both locations, while 25% exceed the required
elevation only at Monte Mufara and 23% only at La Silla.
This means that adding a second telescope at La Silla not
only significantly improves the detection rate of NEOs,
but also without this telescope in the Southern hemi-
sphere we would miss completely 23% of NEOs due to
purely geometrical reasons.
Finally, it is estimated that 15.6% of the Earth impact-
ing NEOs are approaching us from the Sun. Therefore,
ground-based telescopes cannot be used if we wish to
observe such NEOs and alternatives, such as the use of
space-based telescopes, should be studied further.
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